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Abstract. This paper investigates the use of the Petri Net modelling language for the description and 
analysis of the enzymatic reactions that are used for the starch liquefaction. The Coloured Petri Net 
formalism supported by the CPN Tools modelling and simulation environment is used. The pools of 
substrates and products are represented as the places and the possible reactions as the transition of the 
net. The concurrent reactions are modelled trough transitions that are enabled at the same time. The 
occurrence probabilities associated with each of these concurrent transitions are chosen as the model 
parameters. The analysis of the specific properties of the model is used to fit the model to data from 
the industrial production process using the enzyme Liquozyme for the starch hydrolysis. 
 




Starch is one of the most spread biopolymer in nature (Shannon et al., 2009), being 
used especially in the food industry, as such or as starch derivatives (Schwartz and Whistler, 
2009). A special category of starch derivatives is those of starch hydrolysates (maltodextrins, 
glucose syrups, maltose syrups or dextrose syrups) obtained through enzymatic hydrolysis in 
two steps: liquefaction and saccharification by using different enzymes (Hobbs, 2009), with 
the preliminary step gelatinisation, needed to destroy the starch granule and so to make starch 
easily breakable by the amylolytic enzymes (Aehle, 2007). 
The enzymatic hydrolysis of starch is a complicated process due mainly to the 
complex structure of starch, with crystalline and amorphous lamellae, clusters of amylopectin 
(AMP), semi-crystalline and amorphous rings, all these forming finally the granule itself 
(Smith et al., 1997; Buleon et al., 1998; Belitz and Grosch, 1999). Another reason that the 
enzymatic hydrolysis of starch is considered a complex process is due to the enzymes, 
respectively the action pattern specific to each enzyme (no random attack point), which is 
dependent on the enzyme origin and its obtaining way (Robyt, 2009). 
Because of the complexity of both starch structure and enzyme various action, the 
modelling of starch hydrolysis is a challenge for the traditional modelling methods. The 
classical modelling of the enzymatic hydrolysis processes is using deterministic or 
probabilistic kinetic equations which are limited to reaction with few possible final products 
(Heitmann et al., 1997; Bravo Rodrıguez et al., 2006). In the case of hydrolysis of 
macromolecular products with branched structure like starch, the high number of possible 
products makes the use of this approach impossible.  
A better approach in describing the starch hydrolysis process is to apply the 
stochastic method, as the Monte Carlo simulation, to simulate numerically the biopolymer 
hydrolysis. Using this technique, Wojciechowski et al. (2001) used the Monte Carlo method 
combined with a iteration kinetic model to predict productive and non-productive amylase 
complexes with substrates. Marchal et al. (2003) build a model which describes all the 
saccharides that are produced during the hydrolysis. Mironescu and Mironescu (2008) have 
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also developed a model of starch structure suitable for the simulation of the enzymatic 
hydrolysis trough concurrent processes that writes and reads from a relational database; the 
modelling was achieved trough the representation of the molecular chains interlinking as a 
relation in a relational database, the use of a database for the model storage proving to be an 
efficient tool for representing and processing a large and branched structure like AMP. 
Another instrument used for the simulation is the CPN Tools environment (Jensen, 
2009). This is based on the Petri Net formalism. The PN language is a modelling language 
that is suited for the description of system in which processes are taking places concurrently 
and the transition between the state are discrete (event base) (Brauer, 2006). It is successfully 
used in biology, as the modelling of apoptosis (Heiner et al., 2004) or modelling of the 
metabolic pathways of the enzymatic reactions speeds to the transitions and simulation of a 
chain of these reactions (Genrich et al., 2001; Doi et al., 2004). 
This research is a continuation of the previous researches of the authors (Mironescu 
and Mironescu, 2008), with accent on the hydrolysis process modelling and simulation with a 
more formal approach. The Petri Net modelling language is used to model the hydrolysis. 
 
MATERIALS AND METHODS 
 
   Starch liquefaction and analysis of liquefied starch 
   Corn starch with the characteristics: dry substance (d.s.) = 86.5%; protein content = 
0.32% d.s.; fat content = 0.68% d.s.; ash = 0.86% d.s. was used. The hydrolysis was realised 
with the enzyme Liquozyme Supra from Novozymes. Before hydrolysis, starch slurry with 
25% starch was obtained and pH was adjusted to 5.5 and calcium ions (5 ppm) were added as 
recommended by Novozymes for the enzyme Liquozyme (***, 2011). The concentration of 
enzyme was 1.2 kg/t d.s. and it was added from the beginning in the starch slurry. 
   An industrial installation working on the low-temperature principle was used for 
starch gelatinisation and liquefaction. Gelatinisation temperature (in jet cooker) was 107°C 
and gelatinisation time was 3-11 min.; because the enzyme was added from the beginning, a 
primary liquefaction took place during the gelatinisation. Secondary liquefaction temperature 
was 85°C and liquefaction time was 2 h.  Eight experiments were realised. 
   The hydrolysis process was assessed in therms of saccharides produced at the end of 
liquefaction. Sugars composition (and subsequently the Degree of Polymerisation DP) was 
determined by using HPLC, as described in (Mironescu et al., 2009). The method used allows 
the qualitative and quantitative analysis of DP, with identification of compounds with DP1 
(glucose), DP2 (maltose), DP3 (maltotriose), DP4 (maltotetrose), DP5 (maltopentose) and 
DP≥5 (a peak corresponding to olygosaccharides with higher molecular mass). 
 
Modelling and simulation instrument 
The language used by the CPN tools is an enhanced version of the PN (Coloured Petri 
Net CPN) that: 
- uses coloured tokens – each token has a associated value that is typed and can be 
manipulated trough a programming language 
- is timed - every event has a time stamp and every transition can have a duration; 
- admits both deterministic and stochastic transition events (Jensen, 2009). 
The PN language has a graphical representation that makes both the modelling and the 
simulation more intuitively as the equation based languages. The components of this 
graphical representation are the places which contain the state information and the transitions 
which indicate the possible transformations that the system can undergo. Directed arcs bind 
places to transitions indicating the possible processes in the system. On this structure tokens 
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are moved from a place to other by passing trough the connected transitions. The totality of 
tokens at a moment in the net (called a marking) is the visual representation of the state. The 
passage of tokens trough a transition is a sign that the corresponding process has taken place 
(Blätke, 2011). 
 
 Rules for the enzymatic hydrolysis 
 The general rules imposed for the enzymatic hydrolysis of starch with α-amylases are 
(Robyt, 2009): 
1. α-amylases are endo-enzymes; following, the first attack of the enzyme results in high 
molecular weight compounds. Mode of action is not randomly selected but follows certain 
rules that lead to the formation of oligosaccharides specific to certain enzymes; 
2. α-amylases act only on the α 1-4 bounds, excepting those adjacent to the two chain ends 
and those which are branch neighbour; 
3. Enzymes have a specific fingerprint representing the number of glucose molecules bind to 
the enzyme substrate to form a complex. Also, the bound that is broken has a specific 
position; 
4. α-amylases act as multiple attack mechanism representing the formation of an enzyme-
substrate complex, the broken of a 1-4 linkage, the formation of two fragments, one with 
reducing end and the other with non-reducing end. The fragment with non-reducing end is 
separated from the complex and the other remains bound and is further split. 
 The rules imposed for the enzymatic hydrolysis of starch with α-amylases from 
Bacillus licheniformis are few in the literature (Robyt, 2009). They have the particularities: 
- hydrolysis rate decreases rapidly with decreasing chain length; 
- limit dextrins are formed around branches that may have 5, 6 or 7 carbon atoms which can 
not be split. 
  
 Modelling  
 In these models, the implied molecules are represented through tokens. The colour of 
token individualizes the type of molecule: enzyme, enzymatic substrate, the complex enzyme-
substrate and products. 
 The places of the PN are the pools of each type of molecule. The number of tokens 
existents at a simulation moment in each of these pools can be correlated with the quantity of 
each type of molecule. The transition represents the reaction in which the molecules 
participate.  
   A colour was defined for each type of molecule used in the experiment and for each 
molecule a pool was drawn. In the next step, a transition was placed for each reaction 
supposed to take place. The transitions were connected to the corresponding pools of reactants 
and products by using arcs. On the arcs, the number and color of token needed for the 
transition occurrence and the number of token produced by the transition were defined.  
 Simulation 
 The model is used to simulate the hydrolysis processes. For one simulation a number 
of tokens representing AMP molecules are placed in the pools corresponding to the substrate, 
which represents the PN initial marking. The simulation is performed until no more transition 
can take place corresponding to the point of complete hydrolysis. Multiple simulation where 
performed with random (but statistical consistent with data from literature about AMP 





RESULTS AND DISCUSSION 
 
 The practical results obtained at starch liquefaction with Liquozyme are presented in 
Tab. 1. The main sugars are DP5, followed by much smaller amounts of DP4 and DP3. The 
absence of DP4 in half of the experiments is explained by the specific way of this particular 
enzyme to cut starch. As other experiments showed, no maltose is produced and the percent of 
glucose is very small (Mironescu et al., 2009). 
 
Tab. 1 
Composition in sugars of liquefied starch obtained in defined conditions with the enzyme Liquozyme 
Experiment 1 2 3 4 5 6 7 8 
DP>5, % 0.03 0.26 0 0.02 0 0 0 0 
DP5, % 96.14 95.76 95.54 93.88 91.51 84.32 83.65 83.83 
DP4, % 0 0 0 0 5.59 8.72 9.83 10.06 
DP3, % 3.08 3.58 3.876 5.28 2.56 6.33 5.13 5.1 
DP2, % 0 0 0 0 0 0 0 0 
DP1, % 0.75 0.41 0.58 0.81 0.34 0.62 1.381 1 
 
The developed model is presented in Fig. 1. The token representing the enzyme and 
the various substrates are of structured type (structured colour set). The enzymes are defined 
as a record with fields for enzyme name, current chain and current position. 
 
 
Fig. 1. Petri net model of starch hydrolysis 
  
The more complicated structure of AMP is represented using the ideas presented in 
(Mironescu and Mironescu, 2008) adapted to the support language used by the CPN tools 
which is Standard ML. Glucose chain are represented as products with fields for type (linear, 
branching), number of glucose  residues, linking chains and attack priorities. 
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AMP branched structure is represented as a list of such products. To ease the splitting 
process, the structure is organised as a binary tree. 
 The places represent the following molecules pools:  E - the enzyme pool; S - 
the pool of hydrolysable substrate; ES -the pool of enzyme attached to substrate; NHS - the 
pool of substrate rests that can't be further hydrolysed. 
 The considered transitions (corresponding to the processes) are: 
- attach, representing the enzymatic attack, the separation of a chain fragment and 
subsequent binding of the enzyme to this gradient; 
- trim, representing the separation of fragments and the transition of the enzyme a 
long the fragment; 
- detach, representing the separation of the enzyme from the fragment. 
For each transition, code section where written which are used by the simulation to obtain the 
outgoing tokens. Guard condition where written for the transition that are conditioned by the 
incoming reactant. The expressions on each arc determine the tokens that are flowing trough. 
All this constructs implements the rules for the enzymatic hydrolysis presented above. They 
incorporate the probabilities that were adjusted to fit the model to the real data.  
 The quantitative results of the simulation are presented together with 
the main values of DPs obtained from the eight results from the industrial hydrolysis 
in Fig. 2. The practical results and those obtained through simulation are in good 
agreement, showing that the model fits well to the experimental data. The model 
doesn’t give DP1, despite the experimental results show that glucose is produced, 
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 The starch liquefaction with the enzyme Liquozyme gives as main products 
maltopentoses (around 90%), followed by maltotetrose and maltotriose in much smaller 
amount (from 4 to 10%, depending on the experiment) and very small amounts of glucose 
(less than 1%). 
 Using the PN modelling language, a model of starch hydrolysis was build. The 
comparative analysis of the experimental results and of those obtained with the model showed 
that the model fits well to the practical data, indicating that the PN language is adequate for 
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modelling the starch hydrolysis and also that the assumptions related with the mode of 




1. ***, Aplication sheet. Efficient liquefaction of starch. Novozymes. Discharged from 
internet on 12.07.2011, http://www.bimber.info/files/thermamyl-aplication.pdf  
2. Aehle, W. (2007). Enzymes in industry-production and applications, 3rd ed. Wiley-VCH 
Verlag 
3. Belitz, H.D., Grosch, W. (1999). Food chemistry. Springer Verlag Berlin Heidelberg 
4. Blätke M.A., Heiner M., Marwan W. (2011). Tutorial-Petri Nets in Systems Biology, 1st 
Edition, Otto-von-Guericke University Magdeburg  
5. Brauer W., Reisig W. (2009). Carl Adam Petri and’Petri Nets’. Informatik-Spektrum, 
29:369–374 
6. Bravo Rodrıguez V., Jurado Alameda E., Martinez Gallegos J. F., Reyes Requena A., 
Garcıa Lopez A. I. (2006). Enzymatic hydrolysis of soluble starch with an α-amylase from Bacillus 
licheniformis. Biotechnol. Prog., 22: 718−722 
7. Buleon A., Colonna P., Planchot V., Ball, S. (1998). Starch granules: structure and 
biosynthesis. Int. J. Biol. Macromol., 23: 85-112 
8. Doi A., Fujita S., Matsuno H., Nagasaki M., Miyano S. (2004). Constructing biological 
pathway models with hybrid functional Petri nets. In Silico Biol., 4: 271-291 
9. Genrich H., Küner R., Voss K., Executable Petri net models for the analysis of 
metabolic pathways. Int. Journal of Software Tools for Technology Transfer, 3:394-404 
10. Heiner M., Koch I., Will J. (2004).  Model validation of biological pathways using Petri 
nets—demonstrated for apoptosis. BioSyst. 75: 15–28 
11. Heitmann T., Wenzig E., Mersmann A. (1997). Characterization of three different potato 
starches and kinetics of their enzymic hydrolysis by an α-amylase. Enz. Microbiol. Technol., 20: 259 
267 
12. Hobbs L. (2009). Sweeteners from starch: production, properties and uses. In J. N. 
BeMiller & R. L. Whistler (eds.), Starch: Chemistry and Technology 3rd Ed. Academic Press, 
Elsevier, London, 797-832 
13. Jensen K., Kristensen L.M. (2009). Coloured Petri Nets -- Modeling and Validation of 
Concurrent Systems. Springer-Verlag Berlin. 
14. Marchal L.M., Ulijn R.V., Gooijer C.D., Franke G.T., Tramper J. (2003). Monte Carlo 
simulation of the a-amylolysis of amylopectin potato starch. 2. a-amylolysis of amylopectin. Bioproc. 
& Biosyst. Eng., 26 (2): 123-132 
15. Mironescu I.D., Mironescu V. (2008). Modelling starch structure for the simulation of the 
enzymatic hydrolysis. Proc. Int. Symp. Biotechnol.: 513-518 
16. Mironescu M., Mironescu I. D., Trifan A., Ignatova Maya, Mironescu V. (2009). 
Influence of the liquefied starch composition and pH on the saccharification at the obtaining of 
maltose syrup. Bull. Univ. Agric. & Vet. Med., 66 (2): 364-369 
17. Robyt JF. (2009). Enzymes and their action on starch. In J. N. BeMiller & R. L. Whistler 
(eds.), Starch: Chemistry and Technology 3rd Ed. Academic Press, Elsevier, London, 238-292 
18. Schwartz D., Whistler R.L. (2009). History and Future of Starch. In 3rd Ed. Starch: 
Chemistry and Technology,” (J. N. BeMiller & R. L. Whistler, eds.), Academic Press, Elsevier, 
London, 1-10 
19. Shannon J., Garwood D., Boyer C. (2009). Genetics and Physiology of Starch 
Development. In 3rd Ed. Starch: Chemistry and Technology,” (J. N. BeMiller & R. L. Whistler, eds.), 
Academic Press, Elsevier, London, 23-82 
20. Smith A. M., Denyer K., Martin C. (1997). The synthesis of the starch granule, Ann. Rev. 
Plant Physiol. & Plant Molec. Biol., 48: 67-87  
21. Wojciechowski P. M., Koziol A., Noworyta A. (2001). Iteration model of starch 
hydrolysis by amylolytic enzymes. Biotechnol. & Bioeng., 75: 530 539 
